To describe temporal dynamics of stable isotope ratios in fishes, we developed a bioenergetics-based model that links isotope ratios to growth, as influenced by fish size, temperature, diet, and prey quality. The model includes error terms for isotope ratios, diet proportions, and fractionation. The model accurately predicted temporal δ 15 N dynamics of lake trout (Salvelinus namaycush) in a diet-switch experiment but was less successful for δ 13 C, possibly because of variable fractionation. The model was then used in three heuristic applications. In a diet-validation scenario, a model derived from limited knowledge of rainbow smelt (Osmerus mordax) diet reasonably estimated δ 13 C and δ 15 N compared with a null model but inaccurately estimated prey consumption. In a scenario where adult lake trout briefly cannibalized stocked lake trout fingerlings, the detectability of a cannibalism-induced δ 15 N increase depended on predator size, duration of cannibalism, and sample size. In a scenario where seasonal isotopic variability occurred at the base of a food web, variation propagated to higher trophic levels depended on consumer size and diet. Our approach is most valuable when used to examine multiple diet combinations that produce observed stable isotope ratios; one can then identify the most reasonable diets through field tests or other observations. Résumé : Dans le but de décrire la dynamique temporelle des rapports d'isotopes stables chez les poissons, nous avons mis au point un modèle basé sur la bioénergétique qui relie les rapports isotopiques à la croissance, elle-même influencée par la taille du poisson, la température, le régime alimentaire et la qualité des proies. Le modèle comprend des termes d'erreur pour les rapports isotopiques, les proportions du régime alimentaire et le fractionnement. Le modèle a permis de prédire avec précision la dynamique temporelle du δ 15 N chez le Touladi (Salvelinus namaycush) dans une expérience de changement de régime; il a été moins efficace dans la prédiction de δ 13 C, peut-être à cause du fractionnement variable. Le modèle a aussi servi dans trois applications heuristiques. Dans un scénario de validation du régime alimentaire, un modèle élaboré à partir d'une connaissance limitée du régime alimentaire de l'Éperlan arc-enciel (Osmerus mordax) a permis l'estimation adéquate de δ 13 C et de δ 15 N par rapport à un modèle nul, mais n'a pu déterminer correctement la consommation des proies. Dans un second scénario dans lequel des touladis se sont, pendant une courte période, alimentés par cannibalisme d'estivaux de touladis ensemencés, la possibilité de détection de l'augmentation de δ 15 N reliée au cannibalisme dépendait de la taille du prédateur, de la durée du cannibalisme et de la taille de l'échantillon. Dans un dernier scénario où la variation isotopique saisonnière se produisait à la base du réseau alimentaire, la variation qui se propageait aux niveaux trophiques supérieurs dépendait de la taille du consommateur et de son régime alimentaire. C'est dans l'examen des multiples combinaisons de régimes alimentaires qui produisent les rapports d'isotopes stables observés que notre approche s'avère le plus utile; on peut alors identifier les régimes alimentaires les plus appropriés à l'aide de tests sur le terrain et d'autres observations.
Introduction
Stable isotope analysis is widely used to establish trophic linkages in food webs (e.g., Kling et al. 1992; Hecky and Hesslein 1995; Cabana and Rasmussen 1996) . Trophic transfer causes fractionation of some isotopes in consumers relative to their diets, which allows inference of a consumer's diet by comparing its isotopic ratios with those of other species in its food web. Such inferences can be tested by complementary, periodic examinations of stomach contents. This method is most powerful when several isotope ratios are studied simultaneously, because the resolution of potential food web linkages is greatly improved (Peterson et al. 1985) . For example, the stable isotope ratios of carbon and nitrogen, δ 13 C and δ 15 N (notation of Peterson and Fry 1987) , are often simultaneously evaluated. In theory, δ 15 N increases by~3.4‰ with each trophic transfer (Minigawa and Wada 1984) and thus is an indicator of trophic level. In contrast, δ 13 C increases <1‰ with each trophic transfer (Michener and Schell 1994) , and thus an organism retains the approximate δ
13
C signature of its ultimate source of primary production. Static mixing models are often used to estimate the importance of different prey items or production bases to a consumer (Phillips and Gregg 2001) . The proportions of different prey items that a consumer assimilates can be estimated by simultaneously solving several linear mixing models and a mass balance equation, for example, (1) δ 15 N predator = ax + by + cz + fractionation (2) δ 13 C predator = au + bv + cw + fractionation
where a, b, and c are the proportions of three prey assimilated in the predator's tissues; x, y, and z are their respective δ 15 N values; and u, v, and w are their respective δ 13 C values. Fractionation estimates are subject to uncertainty, because fractionation may vary depending on a consumer's nutritional status, diet quality, assimilation efficiency, size, age, and dietary ontogeny (Minigawa and Wada 1984; Hobson and Welch 1995; Ben-David and Schell 2001) .
The mixing model method implicitly assumes that a consumer is in isotopic equilibrium with its diet. This assumption is problematic, because isotopic equilibration of a consumer is gradual following a diet switch. Hesslein et al. (1993) found that broad whitefish (Coregonus nasus) that grew three-to nine-fold over a 1-year period following a diet switch were not yet isotopically equilibrated with their new diets. Vander Zanden et al. (1998) found that larval smallmouth bass (Micropterus dolomieu) approached isotopic equilibrium with a new diet following a three-to four-fold increase in mass. This equilibration occurred far more quickly (~20 days) than in the Hesslein et al. (1993) experiment, probably because the mass-specific growth rate of the larval bass was greater than that of the whitefish. Growth accounted for most of the variation in stable isotope ratios in both of the above studies. These studies show that a consumer's stable isotope ratios depend on its dietary ontogeny and growth rate. A consumer is not necessarily in isotopic equilibrium with its current diet because of the isotopic "memory" of previously assimilated prey items. Thus, the equilibrium assumption of static mixing models ignores the temporally dynamic nature of stable isotope ratios. Such models may therefore misrepresent long-term diets of consumers and bias fractionation estimates.
The general purpose of this paper is to show how changes in fish growth, caused by dietary ontogeny and bioenergetics principles, influence stable isotope ratios in fishes. We present a new approach to modeling stable isotopes by linking isotope ratios to mechanistic models of fish growth based on bioenergetics principles. This approach allows prediction of temporal isotope dynamics that occur as fish diets and growth rates change and thus avoids equilibrium assumptions. It also includes variation in several parameters and thus generates distributions of predator isotope ratios rather than point estimates. We present results from a diet-switch experiment and compare the empirical data to predictions of the model. We then demonstrate the model's utility with three heuristic exercises.
Methods

Model description
Our model is an extension of Fish Bioenergetics 3.0 (Hanson et al. 1997 ), a dynamic fish energy budget that follows the thermodynamic principle that energy input (consumption) and outputs (respiration, waste, growth) must balance (Kitchell et al. 1977) . Bioenergetics models project the growth of a fish through time, accounting for temperature, fish size, and diet quality. Bioenergetics parameters exist for many species (Hanson et al. 1997) , and the user provides temporally explicit data on diet, temperature, energy densities, and predator starting and ending weights. From these values, the model calculates daily fish growth and prey consumption.
We incorporated temporal dynamics of stable isotopes into the bioenergetics model with an equation, adapted from Hesslein et al. (1993) , that relates stable isotope ratios to growth and tissue turnover. The stable isotope ratio on day t (δ t ) was calculated as
where δ t−1 is the stable isotope ratio on day t -1, B is wet biomass, δ eq is the fish's theoretical δ when at isotopic equilibrium with its current diet, and m is a metabolic turnover constant (see Diet-switch experiment). The first bracketed term reflects growth dilution. The second term represents isotopic change resulting from daily tissue turnover, based on a discrete solution for the differential equation dδ/dt = -m(δ t−1 -δ eq ). These equations represent δ values in dorsal white muscle tissue, the tissue used in most isotopic studies of fishes (Pinnegar and Polunin 1999) . We constrained the model so that a loss of fish mass (resulting from starvation, for example) does not result in changes in isotopic signatures in the growth-dilution portion of eq. 4. This follows the findings of Doucett et al. (1999) , who saw no change in the white muscle δ 15 N of fasting Atlantic salmon (Salmo salar) during spawning migrations. Doucett et al. (1999) attributed minor increases in white muscle δ 13 C to extracellular lipid depletion rather than to enrichment of the muscle tissue. Thus, δ 13 C values in this model should be corrected for lipids, which are depleted in 13 C relative to most other tissues (DeNiro and Epstein 1978) .
The model has several sources of error: variation in δ values of predator and prey, variation in diet composition, and variation in fractionation. Natural variation in prey isotope ratios and fractionation is incorporated by drawing δ values and fractionation estimates from normal distributions with means and standard deviations derived from empirical data or literature values. The amounts of each prey item in the diet are randomly drawn from empirically derived normal distributions and then rescaled so that they are proportions that sum to 1. Finally, the model draws initial (t = 0) consumer δ values from an empirically derived normal distribution. The model is then run repeatedly to simulate dynamics of stable isotope ratios over a given time period and to gen-erate distributions of δ values for the consumer. In subsequent sections, we describe the use of this model in empirical and hypothetical scenarios.
Diet-switch experiment
To validate the model, we conducted an experiment to evaluate stable isotope dynamics following a sudden shift in diet composition. Juvenile lake trout (Salvelinus namaycush; mean weight~25 g) were held in two 450-L flow-through tanks at densities of 60 fish per tank. The tanks were continuously supplied with fresh, oxygenated, 10.6°C well water. Fish were fed twice daily (2% body weight·day -1 ) with the pellet diet upon which they were reared in a hatchery (Table 1). Fish acclimated to these conditions for 10 weeks.
After acclimation, fish were anesthetized (MS-222) and weighed. Five fish from each tank were sacrificed and frozen. All other fish were given weight-specific fin-clip combinations (e.g., all 43-g fish were given a clip on the lower caudal lobe and the right pelvic fin) and revived. Fish in one tank remained on the control diet, and fish in the other tank received a treatment diet enriched in both 15 N and 13 C by~3‰ over the control diet (Table 1 ). Three to five fish per tank were sacrificed on subsequent dates (days 5, 12, 19, 26, 33, 47, 70, 90, 111 , and 136 since the diet switch). Each fish (with gut contents removed via dissection) was weighed, and its initial weight was determined from its fin clips. Four fish from the treatment group had unreadable fin clips and were discarded. Sacrificed fish were frozen for stable isotope analysis. Subsamples of both diets were frozen for analysis at 3-week intervals.
Dorsal white muscle was dissected from frozen fish. Muscle and diet samples were dried at 60°C to constant mass and ground with a mortar and pestle. Samples were analyzed for δ 13 C, δ 15 N, percent carbon (%C), and percent nitrogen (%N) on a Europa 20/20 continuous flow mass spectrometer in series with a Carlo Erba CHN analyzer (University of Wisconsin-Madison Horticulture Department). Precision for replicated stable isotope samples was ±0.2‰ for both elements. We extracted lipids from a subsample (n = 37) of lake trout and a sample of both diets. Extraction occurred in boiling petroleum ether for 4-6 h in a Goldfisch extraction apparatus, using AACC (1995) methods. Extracted samples were dried and reanalyzed for δ 13 C and δ 15 N. Following inverse transformation of all variables, multiple regression showed that δ 13 C and %N prior to extraction were the best predictors of lipid-corrected δ 13 C (n = 39; r 2 = 0.94; p < 0.0001). We used this regression to correct δ 13 C values of all other samples against lipid 13 C depletion bias (DeNiro and Epstein 1978) .
We compared observed stable isotope dynamics with model simulations, using lake trout bioenergetics parameters of Stewart et al. (1983) . Simulated temperature equaled 10.6°C, starting weight equaled the mean of all fish prior to the diet switch, and final weight equaled the mean of treatment fish sampled on day 136. Starting δ 13 C and δ 15 N were drawn from distributions described by the means and standard deviations (SD) of the fish sacrificed on day 1, and δ 13 C and δ 15 N of the diets were similarly drawn randomly from distributions based on diet samples. The δ eq values equaled the δ values of the diets plus the assumed mean fractionations, which for this exercise equaled the isotopic differences between mean control fish and mean control diet, with standard deviations derived from the literature (±1.1‰ for 13 C (DeNiro and Epstein 1978); ±0.3‰ for 15 N (Vander Zanden et al. 1997) ). Following the methods of Hesslein et al. (1993) , we estimated the turnover constant (m in eq. 4) using individual fish growth data. Model simulations lasted 136 days. We ran 1000 iterations of the model and compared the simulated δ 13 C and δ 15 N values with those observed in the experiment.
Model applications
The model was used to examine temporal trends in stable isotope ratios of fishes in three hypothetical applications, described below. In the applications, the mean fractionations (±SD) for 15 N and 13 C were set at 3.4‰ (±0.3) and 0.9‰ (±1.1), respectively (Vander Zanden et al. 1997 ; M.J. Vander Zanden, Center for Limnology, University of WisconsinMadison, personal communication), although we recognize that the magnitudes of fractionations are still a topic of debate (e.g., Adams and Sterner 2000) . We set m at 0.0005. Simulations were run 1000 times.
The first application was a diet reconstruction of a fish, age-1 Lake Superior rainbow smelt (Osmerus mordax), with the goal of determining if stable isotopes can be used to validate fish diets. We created two models: a null model that represented actual smelt diets, and a model based on limited diet information representative of a seasonal sampling regime. We used smelt bioenergetics parameters of Lantry and Stewart (1993) and smelt thermal regimes, diets, and prey energy densities from Johnson et al. (1998) . We assumed the diet in Fig. 1 to be the "true" smelt diet, with standard deviations of prey proportions arbitrarily set at 0.4 × (proportion). Mean δ 15 N and δ 13 C and standard deviations for smelt and their prey are from Harvey and Kitchell (2000) . We ran 1-year simulations (day 1 = June 1) with the "true" diet to estimate consumption and δ values for the null model. We then ran "uninformed" simulations in which we assumed diet estimates were only available for four dates over the 1-year simulation. We used the diet proportions for days 1, 62, 123, and 365 (June 1, August 1, October 1, and June 1) and linearly interpolated diet proportions between those dates. We compared values from the "uninformed" and "true" models and also compared the estimated δ values on the four dates above with values estimated by a static mixing model, given the diet composition on those dates.
As an extension of the first application, we ran a second application to determine the effectiveness of stable isotope analysis in detecting short-term "pulses" of predation on a food source with a distinct isotopic signal. As implied in the first exercise, field sampling of fish for stomach content or stable isotope analysis is not continuous, but rather incremental, and sampling increments are often separated by several months. Important foraging events may occur between sampling increments and not be evident in gut content samples. We simulated a situation in which native lake trout in Lake Superior were preying upon recently released hatchery lake trout fingerlings, a situation hypothesized by Hansen et al. (1996) as a source of mortality for stocked lake trout. We used lake trout bioenergetics parameters of Stewart et al. (1983) , temperatures, diets, energy densities, starting weights, and ending weights described by Negus (1995) , and δ 15 N and standard deviations measured by Harvey and Kitchell (2000) . We simulated δ 15 N dynamics for age-4 and age-7 Lake Superior lake trout for 120-day simulations. We simulated lake trout that consumed stocked lake trout for 0, 5, 15, or 30 days before reverting to the reference diet reported by Negus (1995) . When feeding on stocked trout, adult trout fed at the maximum physiological rate. Stocked lake trout δ 15 N was set to 10.39‰ ± 0.37, based on experimental results in this study. We conducted a power analysis to determine the sample sizes necessary to detect a significant isotopic difference between cannibals and noncannibals at the end of the simulated time period.
The third application was to determine how temporal variation in δ values at the base of a food web affected δ values at higher trophic levels. We simulated a zooplanktonplanktivore-piscivore food chain. Zooplankton δ 15 N increased from 1‰ on May 1 to 12‰ on September 1 and returned to 1‰ by January 1, with a constant SD of ±1.0; the zooplankton δ 15 N increase is similar to that observed in Lake Ontario by Kiriluk et al. (1995) . Zooplankton were eaten by alewife (Alosa pseudoharengus), which were eaten by lake trout. Simulations ran 1 year (day 1 = July 1). We modeled alewife δ 15 N using bioenergetics parameters, temperatures, growth data, and seasonal energy densities from Stewart and Binkowski (1986) . Three alewife cohorts (young-of-year (YOY), age-1 juveniles, and age-2 adults) were modeled. Alewife began simulations in isotopic equilibrium with day-1 zooplankton (initial alewife δ 15 N = 9.9‰ ± 0.6). We used lake trout bioenergetics parameters from Stewart et al. (1983) and temperature and growth data from Madenjian et al. (1998) to model δ 15 N for age-2 and age-8 lake trout in nearshore Lake Michigan. Lake trout began in isotopic equilibrium with alewife (initial lake trout δ 15 N = 13.3‰ ± 0.6). Lake trout cohorts were modeled with three diets: 100% YOY alewife, 100% juvenile alewife, or 100% adult alewife.
Results
Diet experiment and model comparison
Over the course of the experiment, lake trout increased in mass by three-to six-fold (Fig. 2) . Growth patterns in the control and treatment groups were relatively similar until the final sampling increment. Control fish exhibited exponential growth during the experiment, whereas growth in the treatment group decelerated after day 111. Treatment fish sacrificed on day 136 had experienced identical growth as fish sacrificed on day 111. Fin clips were unreadable for four treatment fish, all sacrificed on one of the final three sampling dates, potentially affecting the estimate of the daily ration and causing underfeeding in the treatment tank.
Stable isotope values of diet samples (Table 1) did not vary significantly with time during the experiment (linear regressions; n = 8; p values > 0.1). Initial δ 15 N and δ 13 C for control fish, 10.23‰ (±0.47) and -18.52‰ (±0.16), respectively, did not differ from those of treatment fish, 10.27‰ (±0.19) and -18.68‰ (±0.08), respectively. Comparisons of the initial isotope ratios of the fish and the control diet indicated fractionations of 3.89‰ for δ 15 N and 1.55‰ for δ 13 C. Following the diet switch on day 1 of the experiment, δ values of the treatment group diverged from those of the control group and approached equilibrium with the treatment diet (Figs. 3a, 3b) .
To validate the model, we compared observed and simulated lake trout stable isotope ratios. We estimated the turnover constant m by fitting values for individual treatment group fish predicted by eq. 4 against observed values and adjusted m to minimize the residual sum of squares (Hesslein et al. 1993 weights for model fish were 55 g and 196 g, respectively, and the model closely matched observed weights over time (Kolmogorov-Smirnov goodness-of-fit test, p > 0.2). Predictions and observations were similar for δ 15 N (Fig. 3c) . Initial simulations of δ 13 C dynamics strongly overestimated final δ 13 C values. Thus, fractionation for 13 C was lowered to 0.9‰. Despite this adjustment, the model did not accurately predict δ 13 C between days 5 and 47 (Fig. 3d) . Error around the mean prediction increased through time, probably because of the large standard deviation of 13 C fractionation.
Model application 1: diet validation
The first model exercise explored whether limited gut content and stable isotope data could produce a valid estimate of the actual diet of a fish. "True" and "uninformed" models of age-1 Lake Superior rainbow smelt produced nearly identical growth trajectories (Fig. 4a) and stable isotope dynamics (Figs. 4b, 4c ). Both models predicted that δ 15 N would plateau between 7.2‰ and 7.5‰ and that δ 13 C would remain stable. Variation decreased over the course of all model runs. There were no differences between distributions of isotope ratios on days 62, 123, or 365 of the two bioenergetics simulations (t tests, all p > 0.05). However, static mixing models overestimated δ 15 N compared with the bioenergetics models (Fig. 4b) . The two methods produced similar estimates for δ 13 C (Fig. 4c) . Although the two models produced similar isotopic results, which suggests that the limited diet sampling regime reasonably depicted actual smelt diets, they generated very different patterns of consumption on prey populations. The "uninformed" model slightly overestimated the total consumption of the major prey item, Mysis, but greatly overestimated total consumption of Diporeia and underestimated consumption of cladocerans, copepods, and other fishes, compared with the "true" model (Table 2) .
Model application 2: influence of feeding pulses
The effect of a feeding pulse on growth and stable isotope ratios of lake trout depended on both predator size and the duration of the feeding pulse. Growth was most rapid among lake trout that were cannibalistic for 30 days (Figs. 5a, 5b ). Relative weight gain was greater in age-4 lake trout than in age-7 lake trout. Lake trout that cannibalized hatchery lake trout fingerlings for 5 days, 15 days, and 30 days all showed a change in δ 15 N that remained distinguishable from the reference population until the end of the simulation (Figs. 5c, 5d ; Table 3 ). Significant results, however, were based on comparisons of 1000 individuals, which is unrealistic for an actual field study. Power analysis on each t test revealed that up to 652 samples were needed on day 120 to correctly distinguish cannibalistic lake trout from reference trout 95% of the time, depending on predator size and cannibalism duration (Table 3 ).
Model application 3: variation in isotopic baselines
Responses of higher trophic levels to isotopic variation at the base of a food web were dependent on consumer size, diet, and trophic level. Growth of alewife cohorts was oscil- latory and differed according to alewife size (Fig. 6a) . YOY alewife δ 15 N tracked changes in zooplankton δ 15 N with only a brief lag (Fig. 6b) . Age-1 and adult alewife also tracked changes in zooplankton δ 15 N, although the magnitude and rate of isotopic change was lower in both cases. When zooplankton δ 15 N peaked (day 61), mean YOY alewife δ 15 N was~2.5‰ greater than adult alewife δ 15 N, which was the greatest difference between alewife isotope ratios observed in the simulation. Age-1 alewife experienced a less protracted period of decreasing δ 15 N because they began losing weight on day 122, 30 to 45 days earlier than the other cohorts. Lake trout growth depended on their initial size and their prey (Figs. 7a, 7b ). Age-2 lake trout δ 15 N responded more than that of age-8 lake trout with the same diet (Figs. 7c, 7d ) such that the age-2 trout appeared to occupy a higher trophic level. Isotopic change for both lake trout age classes was smallest when preying on adult alewife. The standard deviations of alewife and lake trout δ 15 N consistently decreased over the course of the simulations (Figs. 6b,  7c, 7d) . Overall, trophic level was inversely related to the range of δ 15 N values. Zooplankton δ 15 N ranged from 1‰ to 12‰, whereas the greatest range for alewife was for YOY (9.9‰ to 13.1‰), and the greatest range among lake trout was for age-2 lake trout eating YOY alewife (13.3‰ to 14.8‰).
Discussion
Food web studies that employ stable isotope analysis must address the dynamic nature of stable isotope ratios. In the laboratory study and applications, consumers were rarely in isotopic equilibrium with their diets, and thus mixing models would have inaccurately predicted stable isotope ratios. Other studies have examined stable isotope ratio dynamics; Hesslein et al. (1993) and Vander Zanden et al. (1998) observed changes in stable isotope ratios of fishes following diet switches. Both studies featured models of isotopic change as a function of growth, although their models assumed exponential growth. This assumption may not apply to cases where fishes experience pronounced changes in temperature, energy density, or prey quality (e.g., alewife in this study; Stewart and Binkowski 1986) . The bioenergetics approach explicitly accounts for temperature, energy densities, and size-specific physiological rates (Kitchell et al. 1977) and thus may produce more realistic trajectories of isotopic change.
The results of the applications demonstrate several concepts that are critical in applying stable isotope analyses to field studies: (i) stable isotope ratios are a function not only of diet and fractionation, as depicted in a mixing model, but also of consumer growth patterns; (ii) stable isotope ratios may give misleading results, even when empirical and model results are very similar; (iii) seasonal isotopic variation at the base of a food web is propagated to higher levels of a food web with decreasing amplitude and may confound interpretation of stable isotope data; and (iv) sufficient sample size is very important if one wishes to use stable isotope ratios to detect short-term diet switches or pulse feeding events. These ideas are developed below.
Growth rates explain most of the variation in a consumer's stable isotope ratios (Hesslein et al. 1993; Vander Zanden et al. 1998) . Fish growth is a function of temperature and prey quality, and growth rates further depend on fish size because mass-specific consumption and respiration rates generally decrease as fish size increases (Kitchell et al. 1977) . Temperature, prey quality, and fish size interact such that within a species, the optimal growth temperature may change depending on fish size, ration size, and prey energy density (Kitchell 1983) . For example, in Application 3, YOY and adult alewife continued to grow for several weeks after age-1 alewife began to lose weight as a function of temperature (Stewart and Binkowski 1986) . This caused the δ 15 N of YOY and, to a lesser extent, adult alewife to decrease as zooplankton δ 15 N decreased, whereas age-1 alewife δ 15 N remained stable over the same time period. Thus, YOY and adult alewife δ 15 N were influenced by fish size, and age-1 alewife δ 15 N was affected by suboptimal temperatures that caused weight loss.
Our results suggest that stable isotopes are not always a reliable means of diet validation. In Application 1, diet samples collected from four dates in 1 year resulted in highly inaccurate consumption estimates, even though the δ values were similar to "true" values. The discrepancy was caused by the sampling schedule: sampling on October 1 (day 123 of the simulation) occurred before smelt shifted to a primarily copepod diet, and the subsequent sampling on June 1 Fig. 4 . Simulated weight and stable isotope ratios of rainbow smelt in Application 1 (day 1 = June 1). The "true" diet is from Fig. 1 ; the "uninformed" diet was known only on days 1, 60, 120, and 365 and was interpolated for all other days. (a) Weights of the two smelt populations; (b) mean δ 15 N (± standard deviation (SD)) and (c) mean δ 13 C (± SD), with predictions by a mixing model. ٗ, "true" diet population; , "uninformed" diet population; ×, mixing model prediction.
(day 365) took place after the smelt reverted to a primarily macroinvertebrate diet. This sampling schedule may be pragmatic because of poor sampling conditions in the late fall, winter, and early spring in some aquatic systems, but a consequence may be that diet estimates from gut contents are unrealistic, despite seemingly accurate δ values generated by accompanying models. This conclusion is not meant to discourage the joint use of stable isotope analysis and gut content analysis in food web studies but rather to encourage careful examination of the results of both analyses because of potential unobserved variability in fish diets (see also Persson and Hansson 1999) . For example, one might use the model to examine several possible diets during long periods in which no sampling occurs. In that way, diets that might result in significant isotopic deviation can be identified, uncertainty around diet proportion and consumption estimates can be quantified or minimized, and testable hypotheses can help guide future sampling plans.
Seasonal variation in δ values at lower trophic levels has been observed previously (e.g., Yoshioka et al. 1994; Kiriluk et al. 1995) and is probably caused by biogeochemical factors that affect stable isotope ratios of primary producers. For example, phytoplankton δ 13 C is dependent on the available forms of dissolved inorganic carbon, determined in part by temperature; on the metabolic pathway(s) used to fix carbon; and on phytoplankton growth rates, which are further influenced by light and trace nutrient concentrations (Michener and Schell 1994) . Phytoplankton δ 15 N is similarly dependent on the composition of dissolved inorganic nitrogen, which varies based on rates of biotic nitrogen recycling in surface waters and nitrogen influx from deep waters or external sources (Michener and Schell 1994) . Our approach demonstrates that fluctuating δ values at the base of a food web are dampened at higher trophic levels, as postulated by Wada et al. (1987) . The zooplankton-alewife-lake trout food chain in Application 3 depicts this tendency, as the seasonal fluctuation in zooplankton δ 15 N was progressively reduced in alewife and lake trout δ 15 N, especially large lake trout that were eating large alewife. Such fluctuations may be further dampened by species at intermediate trophic positions. For example, in the Great Lakes, macroinvertebrates such as Mysis relicta consume zooplankton and are themselves eaten by alewife, which are then eaten by lake trout (Kiriluk et al. 1995) . Seasonal fluctuations are likely greatest in organisms with high growth and turnover rates, such as small organisms at the base of a food web (Cabana and Rasmussen 1996) . In fishes, the greatest mass-specific growth occurs in small individuals. Rapid growth coupled with a large seasonal increase in δ values of lower trophic levels may cause small fish to be isotopically enriched relative to large conspecifics, as in Application 3. This may create the impression that smaller individuals occupy a trophic position equal to or higher than larger individuals, which conflicts with basic principles of trophic ontogeny. Thus, our model may help explain cases in which young individuals have δ 15 N levels equal to or greater than older conspecifics (e.g., Spies et al. 1989; Kiriluk et al. 1995) .
The last key concept is that sample size is important if stable isotopes are used to detect brief feeding episodes not Table 2 . Total consumption estimates and ratios as predicted by the "true" and "uninformed" models of age-1 Lake Superior rainbow smelt. readily observed through stomach analysis. In Application 2, predator growth rates were important determinants of the isotopic response to the prey switch and thus influenced the sample size needed to detect the prey switch. Similar cases may involve predators feeding on small fishes migrating through the predators' habitat or seasonal predation on eggs or posthatch larvae. Prior to sampling, power analysis should be conducted to determine the sample size required to detect anticipated isotopic differences resulting from feeding pulses. Stable isotope studies of food webs often involve 5-8 samples of a species per site (e.g., Harvey and Kitchell 2000) , but this tradition should be abandoned if it creates a strong risk of Type II errors for studies such as that simulated in Application 2 (see also Owens 1987) . Furthermore, certain conditions must exist for such an event to be detected. First, prey in the feeding pulse must be isotopically distinct from the predator's normal diet. Second, predators must grow substantially during the pulse, which was the case with age-4 lake trout but less so with age-7 lake trout in Note: Fish in the null models ate the diets presented in Negus (1995) . Fish in other models cannibalized hatchery lake trout for the time indicated. t tests were used to compare null vs. cannibalistic models, and power analysis was used to determine the sample size required to correctly identify significant differences 95% of the time. SD, standard deviation. Application 2. These two conditions may explain why smelt in Application 1 did not show evidence of a diet switch during winter. Third, the initial SD of the predator's δ values cannot be too large. For example, in Application 2, the relatively large initial SD for age-7 lake trout δ 15 N greatly increased the sample sizes required to detect isotopic differences. Finally, sample size determinations must be hypothesis driven, not just efforts to attain significant results. Power analyses and sampling efforts should be based upon reasonable expectation that an event, such as a feeding pulse, is occurring. Otherwise, the risk of Type I error becomes increasingly high.
There are aspects of the model that require further study and refinement. For example, the model accurately predicted δ 15 N results in the diet-switch experiment, but its performance was poor for δ 13 C. The model's poor fit to empirical data may have been related to the initial estimate of mean δ 13 C or to individual variation of δ 13 C in the treatment group. Or, 13 C fractionation may have varied over the course of the experiment. Fractionation may change if the nutritional needs of a consumer or the quality of its diet change (Adams and Sterner 2000) . However, C:N ratios were similar between the two lake trout groups and did not change during the experiment. An intriguing use of the model would be simulating cases in which fractionation is the unknown, rather than the final δ value. We could thereby develop hypotheses of how fractionation changes through time within the constraints of mass balance.
Another issue requiring study is our assumption that the proportions of prey assimilated are similar or equal to the proportions of prey found in gut contents. In other words, we assumed that consumers assimilated all prey with equal efficiency, an assumption that may not be valid (Ben-David and Schell 2001) . This concern is of lesser consequence when prey items are similar (e.g., zooplankton) but increases if prey have very different indigestible components (e.g., crayfish or crabs vs. fishes) and produce different net growth results for the predator (Kitchell 1983) . We suggest caution when using this model to validate diets in terms of quantities of prey items eaten, rather than assimilated, particularly in cases with omnivorous fishes.
Accounting for variability remains an issue in stable isotope analysis of food webs (Ben-David and Schell 2001; Phillips and Gregg 2001) , and future work with this model must involve careful evaluation of how error is propagated and conserved. While the models presented here accounted for variation and produced distributions of δ values, the behavior of the uncertainty terms did not necessarily mirror observed error in real systems. For example, in Applications 1 and 3, the standard deviations of δ values decreased with time. This decrease is reasonable in theory because variation between individuals in a population should average out through time (Hesslein et al. 1993) . Little empirical evidence supports this assertion, however, and some evidence contradicts it. In one study, Kline et al. (1998) found that Dolly Varden char (Salvelinus malma) δ 15 N and δ 13 C variability decreased as the fish grew larger. However, Kline et al. (1998) also found that coregonines in the same system maintained similar variance for both isotopic ratios as they grew. Hobson and Welch (1995) found that δ 15 N varied more in large Arctic char (Salvelinus alpinus) than in intermediatesized char. Our model accounts for many sources of variation, primarily by drawing random samples from normal distributions. It is thus possible that fishes and other consumers do not behave as randomly in nature as we have depicted them in this model. Furthermore, the model only develops growth trajectories for fish that grow from a mean starting weight to a mean final weight. Natural variation in growth patterns among individuals adds a further layer of complexity to proper error calculation.
In conclusion, this study illustrates the importance of including growth dynamics in food web studies that employ stable isotopes and further shows that bioenergetics modeling is a framework in which to represent those dynamics. This method offers an alternative to other models, such as linear mixing models described by Phillips and Gregg (2001) or exponential growth models discussed by Hesslein et al. (1993) and Vander Zanden et al. (1998) . Mixing models may be the best approach in cases where bioenergetics parameters or growth data are lacking or where the fishes being examined are large, old adults that are more likely to be near isotopic equilibrium with their diets. When such models are used, error estimation is imperative, because these models may be highly inaccurate in predicting the importance of different prey bases (Ben-David and Schell 2001) . Alternatively, if fishes exhibit exponential growth, an exponential growth-based model is a practical tool. Our model should prove useful in systems where equilibrium assumptions cannot be met, where exponential growth is not occurring, and where parameters for bioenergetics-style analyses are available. The applications presented here illustrate the model's usefulness in examining the theoretical behavior of stable isotopes in food webs and in evaluating alternative ways in which trophic mechanisms and interactions can produce observed stable isotope values.
